The capR (lon) product controls expression of the gal operon independently of the galR repressor. Previously, mutations of the gal operon have been isolated that are semiconstitutive and alter response to the capR and/or capT product. Such mutants imply the existence of a distinct site in the operon that responds to capR (capT) control. This mutation could be either in a site near the operator-distal end of the galE gene, which signals rho factor termination of transcription in vitro or in a site in the operator-promoter region. Bacteriophage U3 was used to isolate galE mutations in HC2142 (a mutant exhibiting reduced response to capR control). P1 transduction was used to cross these mutants with a set of galE gene deletion. Analysis of the resulting Gal+ recombinants indicates that the regulatory site is in the operator-promoter region. Hence, it is unlikely that capR functions in control as an anti-rho factor at the operator-distal end of the galE gene, but more likely as previously suggested, at a second operator distinct from one responding to galR repressor control. Upon induction with D-fucose, a promoter mutant (UV211) isolated previously expressed 20 to 30% of the galactose enzymes that the wild type exhibited in the presence of the inducer D-fucose. The effects of various mutations in cya, capR, and galR on galactokinase synthesis in this mutant were determined. Galactokinase was derepressed by capR as well as galR, but the presence or absence of the cya gene product was unimportant.
Genetic and biochemical evidence established that capR9 and capT mutations caused derepression of the galactose operon (11, 19, 20) . A new type of mutant with a lesion in the galactose operon has been isolated that exhibits reduced response to capR and capT gene control. The mutation was closely linked to galK (12) .
The capR9 (lon) mutation has a number of pleiotropic effects on the cell. capR9 mutants are sensitive to ultraviolet (UV) and X mys forming long filaments that eventually result in death of the cell (3, 10, 21, 23, 39) . The same mutation causes a mucoid phenotype and derepression of the enzymes involved in the biosynthesis of polysaccharide (5, 16, 17, 20, 22) . Both UV sensitivity and the mucoid phenotype are the result of a defect in a single cistron (7) . CapR9 mutation also affects gene expression of phage X and P1 (37, 40 ; Gayda, S.-S. Hua, Berg, and A. Markovitz, unpublished data). More recently Shineberg and Zipser have demonstrated that lon mutations are sufficient to enhance the stability of f3-galactosidase nonsense fragments (35) . The deg mutants isolated have the same phenotype as capR9 mutants (6, 35) .
The gene product of capR has not been identified. Its biochemical interaction with the galactose operon thus is not clear. DeCrombrugghe et al. (8) demonstrated a rho-sensitive site at the end of the galE gene using an in vitro transcription system for the galactose operon. Examination of the biosynthetic pathway for polysaccharide synthesis (Fig. 1) indicates that uridine diphosphate (UDP)-galactose-4-epimerase (epimerase; EC 5.1.3.2), specified by the galE gene in the gal operon, is one of the important enzymes for the biosynthesis of UDPgalactose and UDP-glucose. Based on this function, capR9 may specify anti-rho factor that functions at or near the operator-distal end of the galE gene to cause partial derepression of the entire galactose operon. Alternatively, we (12) proposed that the new mutation in the gal operon, galO42, lies in the operator-promoter region (Fig. 2) . Deletion mapping allowed discrimination between the operator distal and operator proximal sites.
The new model for regulation of the gal operon proposed that there are two promoters in the gal operon, one cyclic adenosine 5'monophosphate (cAMP)-dependent and one cAMP- REGULATION The number in brackets refer to enzymes named as follows: (1) phosphomannose isomerase; (2) phosphomannomutase; (3) (GDP) guanosine 5'-diphosphate mannose pyrophosphorylase; (4) GDP-mannose hydrolyase; (5) GDP-fucose synthetase; (6) phosphoglucose isomerase; (7) phosphoglucomutase; (8) UDPglucose pyrophosphorylase; (9) UDP-galactose 4-epimerase; (10) UDP-glucose dehydrogenase; (11) polysaccharide polymerases.
independent (12) . We are seeking more biochemical evidence to support such a model. Upon induction with D-fucose, a promoter mutant (UV211) isolated previously expressed 20 to 30% of the galactose enzymes that the wild type exhibited in the presence of the inducer D-fucose (2, 33) . The effect of mutations in cya, capR, and galR on galactokinase synthesis in this promoter mutant were determined.
Other possible mechanisms of capR regula.
tion of galactokinase were studied. MATERIALS AND METHODS Bacterial and bacteriophage strains. The bacteria utilized in this study are listed in Table 1. Bacteriophage U3 (41) and bacteriophage C21 (33) were provided by K. Paigen and S. L. Adhya and grown as described. All strains of bacteria are derivatives of Escherichia coli K-12. Media. M-9 minimal medium (1) was used to grow cells for enzymatic assay. Either 0.6% glucose, 1% glycerol (vol/vol) or 0.6% galactose was used as carbon source. These media were solidified by adding 1.5% agar. L-broth supplemented with 2 mM CaCl2 was used for P1 transduction (11 Genetic methods. Transduction was performed as described by Lennox using bacteriophage Plkc (14) . A 0.1 ml volume of 25% sodium citrate was spread on the selection plates to prevent reabsorption of P1 phage and to increase the number of transductants.
Enzyme assays. Cells were grown in minimal medium in test tubes on a rotary drum or with reciprocal shaking. Late-exponential-phase cells were harvested for measurement of enzyme activity. Cell extracts were prepared by sonically disrupting the cells as described previously (11, 12) . Galactokinase was assayed according to the method of Sherman and Adler (34) . Galactose and galactose-1-phosphate were separated by Whatman DE81 cellulose paper (42) . Radioactive samples and protein (18) were measured as described previously (12) . Michaelis constants (Kin) were determined by Lineweaver-Burk reciprocal plots.
Selection of galE mutants with bacteriophage U3 for mapping of galO42. Bacteriophage U3 will only absorb and lyse host cells that have galactose in the cell wall (41) . Cells that do not have galactose in the cell wall are resistant to U3 phage. These U3-resistant cells have mutations in either galE, galU, or in a step to incorporate galactose into the cell wall (41) . We were interested in obtaining galE mutations in a galO42 genetic gackground. We chose the strain HC2142 (capR9, galO42) as the starting strain since the clones are mucoid. We have shown that some galE and galU mutations will render the cells nonmucoid on minimal glucose plates and these mutants will not grow on minimal galactose plates ( Strain MS503 contains a deletion of the entire operator-promoter region of the gal operon and extends further into galE than strain MS5061. Strain GA105 contains a deletion of the entire galK, galT and part of the distal end of the galE gene (33) . The strategy of determining the location of the galO42 mutation is as follows: if galO42 is a mutation at the operator-proximal end of the galE gene, all phenotypically Gal+ recombinants of galE, gal042 donor strains with deletions strain MS503 or strain MS5061 as recipients should inherit the ga1O42 character (Fig. 4a) . When assayed for galactokinase activity, the galO42, galE+ recombinants should have semiconstitutive levels of galactokinase. The gal+ recombinants obtained with deletion GA105 should have both galO+ and galO42 genotype. If galO42 were at the operator-distal end of the galE gene, recombinants with deletion strain GA105 should be all galO42 type (Fig.  4b) and with strain MS5061, both galO+ and galO42 (Fig. 4a) . Table 3 presents the results of analysis of the recombinants. Galactokinase was measured. We observe 100% of galO42 in recombinants with deletion strain MS5061. In the case of strain GA105 both galO+ and galO42 Gal+ recombinants were obtained. We conclude that the galO42 mutation is at the operatorproximal end of the galE gene. The results eliminate the possibility that capR9 acts as an anti-rho factor at the operator-distal end of the galE gene.
We have done the following control experiment to determine whether or not reversion of the galE, galO42 mutants to a Gal+ phenotype might invalidate our results. A single P1 preparation grown on the galO42, galE mutant, strain U84, was used to transduce deletion strains MS5061, GA105, and S165 to Gal+. Strain S165 has a deletion covering all of galE, galT and one-half of galK (33) . Any Gal+ transductants obtained using strain S165 must come from P1 that grew on revertants of strain U84. No Gal+ clones were recovered when strain S165 was the recipient. Under the same conditions Gal+ transductants were readily recovered when strains MS5061 and GA105 were the recipients. Such results suggest that reversion of strain U84 was not an important consideration in these experiments. The following calculations lead to the same conclusion. The reversion rate for the galE mutants isolated was between 10-6 to 10-8. The mutants used for mapping had reversion rates from 10-v to 5 x 10-f (Tables 2 and 3 ). Usually 5 x 108 cells of the deletion mutant recipient were spread on minimal galactose plates. The regular gal+ or his+ transduction frequency is approximately 10-1 per recipient. We calculate the Gal+ clones due to growth of the P1 on a revertant donor bacterium will be (10-7to5 x 10-f) x 10-6 x 5 x 108cells = 5 x 10-5 to 2.5 x 10-4 gal+ transductants per his+ transductant. The frequency of gal+ recombinants between galE, ga1042 and the set of galE deletions was approximately 10-2 per his+ transductant (Fig. 4) in the most important recombinations (U84 and U87). The interference due to reversion of galE mutants will range from 1 to 10% of the recombinants.
Effect of cyaA, gaIR, and capR mutations on galactokinase synthesis by the gal promoter mutant, gaIP211. The galO42 mutation defined a second operator region in the gal operon on the basis of its insensitivity to capR regulation (12) . The gal promoter mutation, galP211, reduces the basal level of gal operon enzymes (2, 33) . We wanted to determine whether or not galP211 might be of use in defining a second promoter if there were one. Isogenic strains with galP211 were provided by W. Epstein and constructed in this laboratory ( Table 1 ). The effect of cyaA, galR, and capR on gene expression of galP211 were determined by assaying galactokinase level in these strains. The data are summarized in Table 4 . The basal level of galactokinase in the galP211 strain is approximately 30% the level in the galP+ strain. galR causes a 10-to 15-fold derepression of galactokinase in galP211 which is similar to the derepression caused by galR in a galP+ strain (12 Table 5 . The derepression by capR9 is similar in the galR deletion, and the gaIR point mutant. The particular galRA comes from strain PG8. The deletion covers the entire lysA gene and part or the entire gaIR gene. The exact extent of the deletion of galR has not been determined (26, 29) . The results tentatively suggest that the capR9 gene product does not interact with the galR repressor protein directly.
Other possible effects of capR9 on the activity of galactokinase. In yeast, galactoseutilizing enzymes exist in aggregates; there is a gene product which activates the enzyme complex upon exposure to inducer. Enzyme complex and activator associate with each other for the catabolism of galactose (38) . There is evidence in the phosphoenolpyruvate-dependent formation of D-fructose-1-P system for small protein factors that alter the Km and the Vmax of the enzyme (9) . In E. coli and Salmonella, mutants in which one of the aminoacyl-transfer ribonucleic acid (RNA) synthetases is greatly decreased in activity or increased in Km values are often derepressed in the synthesis of the corresponding amino acid. This kind of regulation is common in eukaryotic cells (24) . It has been demonstrated that capR9 causes derepression of gal messenger RNA synthesis (4 a The cells were grown in M9 glucose at 23 C. The enzyme was assayed at 25 C using a Dowex-50 column to separate galactose from galactose-1-P. The protocol is as described (11) .
DISCUSSION
The results demonstrate that the galO42 mutation, which exhibits reduced response to capR9 (capT) control (12), lies in the operatorproximal portion of the gal operon and not at the operator-distal segment of the galE gene. Hence, it is unlikely that capR (capT) functions in control as an anti-rho factor at the operatordistal end of the galE gene, a possible model in view of the results of DeCrombrugghe et al. (8) .
The results support the model of galO42, being a mutation in a second operator in the gal operon, as previously postulated (12) . The capR gene product exhibits the properties of a repressor protein in a number of biochemical genetic tests as well as UV radiation sensitivity tests (7, 13, 20, 21, 23, 39) . However, capT exhibits control of enzymes of polysaccharide synthesis, including the gal operon, similar to capR (11, 12) , and it is possible that the protein product of either capR or capT (or both) have an affinity for the DNA site in the gal operator defined by the operator mutation galO42. The double mutant capR9capT is no more derepressed than either of the single mutants (11) . Although capR(lon) causes UV radiation sensitivity (10, 23) , capT has no such effect (Markovitz, unpublished data). Thus capT only affects enzymes of polysaccharide synthesis and may be the true regulatory gene specifying a repressor or an activator for the gal operon and other operons of enzymes of capsular polysaccharide synthesis. If capT were an activator then it would provide an explanation for the following dilemma; strains with a deletion of either the adenyl cyclase gene (cya) or the cAMP-binding protein (CRP) grow on galactose and cAMP availability has little effect on gal enzyme levels (31) . However in vitro transcription (and translation) of the gal operon DNA is dependent on cAMP and CRP (27, 29, 42 The frequency of recombinants was high in the mapping of the short segment in the promoter region of the lac operon (25) . Work by Yanofsky et al. estimated that mutational events which are one nucleotide apart can be mapped at a frequency of about 0.02% (2 x 10-i) in the tryptophan operon (44) . If the distance between two intragenic recombination sites is 50 to 100 nucleotides, the frequency will be 10-2 to 2 x 10-2. The frequency we observed for Gal+ recombinants between the galE, galO42 mutant and galE deletion mutant is in that range. Recombination frequencies alone do not permit ordering the galE mutants isolated with certainty. Recombination values between different mutants can be exceptionally high or low. It would appear that differences of single nucleotide pairs between donor DNA and recipient DNA can influence the frequency of recombinational events (36, 44) . Therefore, the linear order of sites presented (Fig. 3) is tentative. However, the mutants that gave no recombinants with the deletion recipients are more definitely placed as mapping under the particular deletion (Fig. 3) .
There are some experiments that can be interpreted using a two-promoter model for the gal operon.
(i) The binding of ribonucleate (RNA) polymerase to the gal promoter(s) indicates that there are two types of binding (43) . In the presence of CRP and cAMP six molecules of RNA polymerase are bound to Xgal DNA in vitro. In the absence of CRP and cAMP there is one molecule of RNA polymerase bound to Xgal DNA in the presence of ATP and guanosine 5'-triphosphate and none if ATP and guanosine 5'-triphosphate are not added (43) . The data can be interpreted as evidence for two RNA polymerase initiation sites, although one site at which affinity is altered by cAMP and CRP is an alternative interpretation.
(ii) Acridine dyes are known to intercalate between the bases in the DNA double helix, causing an extension and unwinding of the deoxyribose backbone. There is experimental evidence that an alteration in conformation of the DNA occurs at localized chromosomal regions in the presence of the dye (32) . In the case of the lac operon, which is a catabolite-sensitive operon, induction of lac nessenger RNA transcription by the inducer isopropylthio-fl-Dgalactoside probably involves a conformational change in the lac promoter region, which may then exhibit increased affinity for acridine orange. This probably results in a decreased affinity for the formation of a transcription initiation complex and decreased synthesis of f-galactosidase. Excess cAMP partially reversed the inhibition, presumably by displacement of the dye molecule and by favoring the formation of the transcription complex (32) . Our preliminary results showed that induction of the gal operon by D-fucose in the presence of acridine orange caused a decrease in the synthesis of galactokinase. The inhibition was partially prevented by cAMP. However, cAMP did not stimulate galactokinase synthesis in the absence of acridine orange (Hua and Markovitz, manuscript in preparation); thus, treatment with acridine orange revealed a cAMP sensitive site that may be in the gal promoter region (30) .
Strain UV211 is the only gal promoter mutant isolated and characterized (33) . Although galactokinase was derepressed by capR as well as galR in strain UV211 the presence or absence of the cya gene was unimportant. The results do permit one to decide whether there is one promoter or two promoters.
